The extent to which selective forces shape patterns of genetic and genealogical variation is unknown in many species. Recent theoretical models have suggested that even relatively weak purifying selection may produce significant distortions in gene genealogies, but few studies have sought to quantify this effect in humans. Here, we employ a reconstruction method based on the Ancestral Recombination Graph to infer genealogies across the length of the human X-chromosome, and examine Time to Most Recent Common Ancestor (TMRCA) and measures of tree imbalance at both broad and very fine scales. In agreement with theory, TMRCA is significantly reduced and genealogies are significantly more imbalanced in coding regions and introns when compared to intergenic regions, and these effects are increased in areas of greater evolutionary constraint. These distortions are present at multiple scales, and chromosomal regions as broad as 5MB show a significant negative correlation in TMRCA with exon density. We also show that areas of recent TMRCA are significantly associated with the disease-causing potential of site as measured by the MutationTaster prediction algorithm. Together, these findings suggest that purifying selection has significantly distorted human genealogical structure on both broad and fine scales, and that few chromosomal regions escape selection-induced distortions.
INTRODUCTION
Understanding the impact of natural selection on patterns of genetic variation in humans has important implications for disease research, population genetics, and anthropology. For instance, identification of functionally conserved regions aids in quantifying the effect of individual variants on disease phenotypes . Similarly, delineation of regions that have recently experienced adaptive sweeps helps to illuminate traits underlying uniquely human features.
Characterizing the selective forces operating across the genome requires knowledge of how selection alters patterns of not only nucleotide, but also genealogical variation. The shapes of gene genealogies and their recombinant analogues are intimately connected to the character of nucleotide variability in a region, and differing forms of selection are known to produce distinct distortions to genealogical structure (e.g. Neuhauser & Krone 1997 , Barton 2002 . These selection-induced alterations affect linked neutral variation, potentially generating a widespread signature of selection.
Few studies, however, have sought to quantify patterns of genealogical variation on a large scale, and investigations are often limited to simulation and theory.
Recent years have seen a significant expansion in our understanding of how natural selection affects genealogical structure. For instance, strong positive selection is understood to decrease nucleotide variability, shorten the time to most recent common ancestor (TMRCA), and increase the length of haplotype blocks (reviewed in Bamshad & Wooding 2003) . Several statistical tests have been proposed that use these distortions to detect recent selective sweeps (e.g. Sabeti et al. 2002 , Voight et al. 2006 , Sabeti et al. 2009 ). In contrast to positive selection, balancing selection lengthens TMRCA, increases nucleotide variability, and leads to genealogies with long internal branches (e.g. Barton 2002 , Andres et al. 2009 ). Finally, while purifying selection was long thought to have negligible effects on genealogies, recent theoretical work has suggested that it may have a significant impact (Maia et al. 2004 , Comeron et al. 2008 , Walczak et al. 2012 . Simulations and modeling have suggested that selection at many closely linked sites leads to genealogies that are shallower and more imbalanced than expected under neutrality. Under these conditions coalescent rate increases gradually with backwards time, the basal branches of genealogies are shortened more than the tipward branches, and the site frequency spectrum is skewed toward excess low frequency polymorphism (Comeron et al. 2008) . The most obvious feature of this process is an overall shortening of tree depth, which may be decreased by nearly 50% relative to the neutral expectation . Given that nearly all functional sequences in the human genome are likely to experience some degree of purifying selection, these effects have the potential to impact large regions of the human genome.
Several recent studies have identified unexpected patterns of nucleotide diversity on the human X chromosome, possibly resulting from purifying selection. In particular, Keinan et al. 2008 noted that variation on the X chromosome is reduced by a greater than expected degree when compared to the autosomes. While demography is likely to play a role (Keinan & Reich 2010 , Gottipati et al. 2011 ), Hammer et al. 2010 demonstrated that the reduction in diversity is dependent on the distance to nearest gene, and that the correlation between diversity and nearest gene distance is greater on the X than on the autosomes. The strong correlation between diversity and nearest gene distance may result from the reduced opportunity for recombination on the X, which increases linkage disequilibrium and, in areas where many sites are under selection, the potential for selection-induced genealogical distortion.
Investigation of the genealogical distortions induced by purifying selection has been hampered by the presence of recombination, and the extent to which theories developed under the assumption of no recombination are applicable to empirical, highly recombinant data sets is not well understood.
When genetic sequences recombine their ancestry is described not by a simple gene tree but by a more complex structure known as an Ancestral Recombination Graph (ARG, Griffiths & Marjoram 1996) . In contrast to the well-developed methods for reconstruction of non-recombining trees, methods for inferring ARGs are still in their infancy, and few tools exist to infer, visualize, or extract information from ARGs. Nonetheless, ARG-based approaches offer some advantages over methods that do not explicitly consider genealogies (e.g. Templeton 1993 , Tang et al. 2002 . By explicitly considering the full ancestry of the samples ARG-based approaches can accurately capture the statistical correlations in the data induced by shared ancestry. Similarly, inference of the ARG underlying the samples allows localization of individual recombinations and regions of contiguous TMRCA on a very fine scale, not merely the mean TMRCA over a predefined window.
In this study we employ a recently developed ARG-based reconstruction technique (O'Fallon 2013) to examine genealogical structure across the human X-chromosome. We investigate a sample of 12 males obtained from the Complete Genomics Diversity Panel and infer likely ARGs ancestral to the samples. From the inferred ARGs we extract the TMRCA along the length of the sequence, and show that selective constraint induces the detectable distortions in ancestral structure.
Coding regions are shown to differ significantly from noncoding regions, and increasing selective constraint increases the distortions within coding regions. We also identify several regions that have likely experienced recent positive selection.
METHODS:

Samples
We obtained twelve publicly available male samples from the Complete Genomics Diversity Panel representing seven global populations (Table 1) . Only the nonpseudoautosomal regions of the X chromosome were considered. Full nucleotide alignments were generated by comparing variant files to the human reference genome (GRC v37). Because samples were obtained exclusively from males no genotyping was necessary and haplotype phasing was unambiguous. Overall, we analyzed 125 MB of sequence, roughly 92.5% of the full, 135MB sequence.
Reconstruction
The software tool ACG (O'Fallon 2013) was used to infer recombinant genealogies across the X chromosome The program uses a Bayesian Markov-chain Monte Carlo strategy to sample ARGs and other model parameters in proportion their likelihood given the nucleotide alignment, a description of the nucleotide substitution process, and a set of Bayesian priors on model parameters. The program operates similarly to other "genealogy samplers" such as BEAST (Drummond & Rambaut 2007) , MrBayes (Huelsenbeck & Ronquist 2001) , and LAMARC (Kuhner 2006) .
Variant files were obtained from the Complete Genomics web site (www.completegenomics.com/public-data/) and converted to fasta format in 50 kilobase (Kb) windows that overlapped by 10 Kb. Approximately 3,100 input alignments were produced. Independent MCMC runs were performed for each alignment, and initial runs were conducted for 5x10 7 MCMC steps.
Convergence was assessed by discarding the first 50% of all steps, and examining the probability of the data given the genealogy (the "data likelihood") for the remaining steps. The likelihood for the remaining states was split into four intervals (each containing likelihoods spanning 6,250,000 states), and the means and standard deviations of each interval were computed and compared. Runs in which the standard error of the means or standard deviations differed by more than 25% were labeled as nonconverging, and a new MCMC run was initiated using the most likely ARG identified in the previous run as the starting point for the new run.
To facilitate searching the complex ARG-space we employed a Metropolis-coupled scheme utilizing 4 chains in which the temperature of chain i was 1 / exp(-λi), where λ was adjusted over time to ensure that cold chain swaps were accepted at least 20%, but not more than 80%, of the times such a swap was proposed. Temperature swaps were proposed every 500 MCMC states.
ARGs were sampled and collected every 20,000 MCMC steps from all runs, and the TMRCA every 100 bp along each ARG was computed by extracting the marginal tree (the non-recombining tree ancestral to a single site) and finding the height of the shallowest node that was ancestral to all tips.
Mean TMRCA at a site was then computed by examining the TMRCA at that site over all trees sampled. In areas of overlap between adjacent data windows we employed a weighted-averaging scheme to smoothly transition the TMRCA value from one window to the next. For example, if a value was 2kb from one end of the overlap and 8kb from the other end, the computed value would be 80% of the value associated with close window and 20% of the value associated with the far window.
RESULTS:
Chromosomal patterns of TMRCA Our analysis indicates that TMRCA varies widely across the chromosome, with an average of 5.24x10 -4 substitutions per site (Figure 1 ). Assuming the rate of de novo mutations is roughly 1.2x10 -8 mutations / site / generation (e.g. Roach et al. 2010 ) then we compute that, on average, lineages ancestral to our samples coalesced around 1.1 MYA. The mean TMRCA varies widely on multiple scales, with substantial fluctuations at both small scales (tens of kilobases) as well as much broader, multi-megabase scales. Nonetheless, roughly 90% of the density of the TMRCA lies between 10 -4 and 0.001 subs. / site, suggesting that the majority of coalescences along the human X occurred between 200 KYA and 2 MYA. The lowest inferred TMRCA was 9.35x10 -6 . subs./ site, or roughly 20KYA using the calibration above. This region is roughly 30kb in length and located in the GAGE-8 gene which codes for a short peptide expressed in the testis.
On a fine scale, many narrow peaks of relatively high TMRCA are apparent. These peaks are typically several hundred base pairs in length, and several are deeper than 0.005 subs./ site (approximately 10 MYA using the calibration above). Some of these may represent alignment errors, which are likely to produce clusters of false SNP calls, thereby increasing the observed amount of variability and the inferred TMRCA. The narrow breadth of these regions is expected from coalescent process, in which a greater total number of recombinations are ancestral to the samples in regions of high TMRCA, thereby reducing the breadth of regions of deep coalescence.
Comparison of coding vs. noncoding regions
Theoretical studies have suggested that weak to moderate strength purifying selection at closely linked sites may distort genealogical structure, primarily by decreasing tree height (e.g. Seger et al. 2010 . We tested this hypothesis by examining the TMRCA inferred from our data in the coding regions of genes (obtained from the UCSC Table browser) to the TMRCA in non-coding regions. Data was tabulated by traversing the chromosome in 100 basepair steps, and at each step computing the mean TMRCA from all ARGs sampled during the MCMC. TMRCAs in exons were found to be significantly more recent than TMRCAs computed in noncoding regions, consistent with theoretical predictions (Figure 2 ). The mean TMRCA found in exons was 4.16x10 -4 (std. dev. 2.3x10 -4 ), some 25% smaller than that for intergenic regions, which was 5.45x10 -4 (std. dev. 3.4x10 -4 ). The distributions also differed greatly in range, with no exonic regions containing TMRCAs deeper than 0.0025 subs. / site, but numerous intergenic regions extending to depths greater than 0.0025. It is possible that the results were influenced by using selected sites themselves to perform inference, as this may bias estimates of genealogical structure. However, the TMRCA computed in introns was similar to that found for exons (mean 4.5x10 -4 ), suggesting that close linkage to a selected region also decreases TMRCA, an effect not predicted by the selection-induced inference error hypothesis.
We also quantified the degree of imbalance or 'skewness' of genealogies in coding and noncoding regions. We examined marginal genealogies at 500bp intervals extracted from the maximally likely ARG identified in each window. For each genealogy we computed two classical measures of tree imbalance, the Colless Index and Sackin's Index (see Rogers 1996 for discussion of tree shape statistics). For each measure genealogies in exons were significantly more skewed than genealogies in intronic and intergenic regions (Wilcoxon rank-sum test, p<5x10 -4 for both measures, Figure 3 ). However, the absolute difference in mean skewness was modest, with the mean Colless Index' of trees in exons and non-exons being 2.17 and 2.10, respectively. In addition, we computed the distribution of the Colless' Index by simulating 1000 non-recombinant genealogies under the Kingman model with no selection and constant population size. Empirical genealogies were significantly more imbalanced than the simulated, neutral genealogies (mean Colless index 1.57, p<10 -16 ). Because skewness is expected to change gradually across sites the above analysis includes many genealogies from noncoding regions that may be skewed due to their proximity to an exon. To determine if these genealogies were biasing the results we performed an additional analysis where we included all genealogies in coding regions, but only genealogies from non-coding regions that were greater than 25kb from the nearest exon boundary. Excluding these genealogies further increased the difference in skewness between coding and noncoding regions (Wilcoxon rank-sum test, p<10 -8 , Table 2 ).
Large-scale patterns of TMRCA and exon density
The analysis above examines the relationship between TMRCA and purifying selection at the scale of individual sites. However, selection may also have broader consequences by reducing variation at linked regions. When selection acts at many distinct areas over a broad region, overall TMRCA may be significantly reduced. To examine the relationship between mean TMRCA and coding region density over broad regions, we divided the data into non-overlapping windows and computed the average examined that were 5MB or smaller we observed a significant correlation between exon density and TMRCA, as predicted by theory (Figure 4, Table 3 ). Even at large, multimegabase scales, areas with a relatively high fraction of coding sites were associated with relatively shallow TMRCA. The strength of the correlation increased with window size, indicating that exon density has a particularly strong effect on large windows. This effect translates into a substantial shortening of broad regions that are relatively exon-dense. For instance, a 5MB region with an exon density of 0.025 has a TMRCA nearly 20% more recent than a 1MB window with a similar density.
Correlation of TMRCA with evolutionary constraint
While the above analysis suggests that coding regions differ significantly from noncoding regions in terms of broad genealogical properties, an additional question is whether or not increasing degrees of selective constraint amount to greater distortion within coding regions. To investigate this question, we consulted Genomic Evolutionary Rate Profile (GERP++, Davydov et al. 2010 ) scores in coding regions. The GERP algorithm examines variation across a 33 mammalian species and thus examines selective constraint on a broad, phylogenetic scale. We employed a database of precomputed GERP++ scores obtained from dbNSFP2.0 (Liu et al. 2011) . While GERP++ scores are available at most exonic sites, due to concerns about non-independence of TMRCA at nearby sites we downsampled the data set by selecting only one in every 1000 sites at which a GERP++ score was available. The resulting set included 2,088 sites. We then computed the Spearman rank correlation coefficient of GERP++ score on TMRCA, which was -0.064. To assess significance, we generated 100,000 permutations of the TMRCA values at the included sites across GERP++ scores, and for each permuted set we computed the Spearman correlation coefficient. Only 187 of the 100,000 coefficients from the permuted data sets were less than the observed value of -0.064, indicating significance at the p<0.005 level. Thus, high GERP++ scores are significantly associated with shallow TMRCA, a phenomenon in agreement with theoretical predictions regarding the effects of purifying selection on gene genealogies.
Correlation of TMRCA with predicted disease-causing potential
Numerous algorithms exist to predict the likelihood that an individual nucleotide change will produce a human disease phenotype. Among these, MutationTaster yields a relatively high sensitivity and specificity (Schwarz et al. 2010) . We sought to determine if the TMRCA inferred in above analysis was correlated with the MutationTaster score (henceforth MT score) at individual sites. We again consulted the dbNSFP2.0 database (Liu et al. 2011 ) to obtain precomputed MT scores at nearly all exonic positions. On the X chromosome, some 1,058,000 sites were annotated with MT scores.
Because the database contains the predicted effect of each possible nucleotide change at a each site we averaged these predictions together to produce an average MT score for each site. When then performed an analysis similar to that for the GERP++ scores in which the set was downsampled by scanning along the chromosome and including sites only if an MT score was available at that site and if the site was greater than 5kb from the previously included site. This downsampling strategy produced a data set with 2,531 sites. The Spearman rank correlation coefficient was then computed for the empirical data set as well as for 100,000 permutations of the data. For the empirical (non-permuted) data set the correlation coefficient was -0.067. Among the permuted data sets the mean correlation was 3.41x10 -5 , with standard deviation 0.019. Only 42 of 100,000 correlation coefficients for the permuted data sets fell below the empirically observed value of -0.067, yielding a p-value of < 0.0005. Thus, the MutationTaster values demonstrate a significant, negative correlation with TMRCA in our data, such that areas of relatively recent common ancestry are more likely to harbor sites with high diseasecausing potential.
Identification of candidate regions with recent selective sweeps
When a positively selected variant sweeps to fixation in a population nearby variants may "hitchhike" to high frequency with the causative variant. Depending on the rapidity of the sweep, the TMRCA may be significantly shortened, with more rapid and recent sweeps leading to broad areas of continuously shallow TMRCA. The genealogical analysis presented here allows for identification of regions that nay have experienced particularly rapid or recent sweeps. By locating broad regions of continuous, shallow TMRCA, candidate genes may be identified. To identify regions of continuous TMRCA we examined the set of maximally likely ARGs found during the MCMC run for each window, extracted the TMRCA along each ARG, and joined the results by allowing adjacent windows whose normalized difference in TMRCA in the overlapping area was less than a threshold value (0.35) to be combined into a single region. Plots of the length of each region by the TMRCA of the region demonstrate that the two measures are highly correlated, as expected from theory. The correlation is due to the fact that recombinations slowly break regions of continuous TMRCA over time, so very deep regions are expected to contain relatively narrow TMRCA blocks, while areas of recent TMRCA will contain longer blocks. Visual inspection of the distribution of block length and TMRCA then allows for isolation of candidate blocks ( Figure 5 ).
While we do not attempt a comprehensive categorization of all candidate regions, examination of several of the largest, shallowest regions suggests some trends. For instance, four of the top five genes code for products that function on the cell surface, in one case on the sperm, suggesting a role in recognition by pathogens (Table 4 ). The sperm head component, CYCL1, resides in the longest contiguous TMRCA block (some 346kb), and genes involved in reproduction have been found to evolve particularly rapidly in several previous studies (e.g. Wyckoff et al. 2000) . The size of our candidate regions is similar, though slightly smaller, than those identified in a recent study using SNP data and an independent methodology (339-405kb, Tang et al. 2007) .
Note that this technique is capable of detecting only complete or nearly complete selective sweeps. Ongoing sweeps, in which the favored variant has not reached reached a high frequency in the global population, are not likely to be associated with recent TMRCA and thus will not be detected by TMRCA-based methods alone. The well characterized gene G6PD, which is associated with malarial resistance and is thought be under strong positive selection (e.g. Ruwende et al. 1995) , falls into this category.
DISCUSSION:
Access to full chromosomal nucleotide sequences from multiple individuals allows examination of the genealogies uniting those chromosomes at both broad and very fine scales. In this work, we have inferred the genealogical structure on the X-chromosome from a worldwide sample of males, and demonstrated that natural selection has significantly distorted that structure across several scales.
Coding regions share significantly more recent common ancestors than do noncoding regions, and this effect is increased in regions that are under more significant evolutionary constraint, as measured by the GERP++ score (Davydov et al. 2010) . Genealogies in coding regions are also significantly more imbalanced than those from noncoding regions. These distortions are detectable at multiple scales, and large chromosomal regions with relatively high exon density have significantly more recent common ancestors than do regions with low exon density. Finally, we have shown that the predicted disease-causing potential of individual sites is also associated with genealogical structure, and sites where mutations are predicted to cause disease appear more frequently in areas with recent common ancestors.
These findings corroborate recent theoretical work regarding the effects of purifying selection on the structure of gene genealogies (Comeron et al. 2008 , Walczak et al. 2012 . These studies have shown that in the absence of recombination relatively weak purifying selection at closely linked sites causes genealogies to be shorter and more imbalanced than expected under neutral theory. That both of these effects can be detected in genealogies constructed from the human X chromosome strongly suggests that factors such as recombination and population structure do not significantly alter the primary predictions of the theoretical studies. Further, because exon density is relatively low on the X chromosome (~ 4%), selection-induced distortions may affect other chromosomes with higher exon density chromosomes more significantly. Finally, we note that traditional positive selection appears to have influenced genealogical structure in several areas, creating extended regions of recent TMRCA in several genes encoding proteins expressed on the cell surface as well as a sperm-head component.
Overall, TMRCA ranged from 9.3x10 -6 subs./ site to 0.0078 subs. / site. If the appropriately sexaveraged mutation rate is near 1.2x10 -8 subs. / site /generation, then the TMRCA in generations ranges from 775 -650,000, or from 19,375 -16,250 ,000 years assuming a generation time of 25 years.
Similarly, the mean and median TMRCA in subs. / site are 5.24x10 -4 and 4.66x10 -4 , respectively, which translates to approximately 1,100,000 and 971,000 years. Similar estimates were produced in a recent analysis by Blum & Jackobssen (2011) , who found the mean TMRCA to be close to 1,000,000 years.
However, we note that such conversions implicitly assume that the mutation rate is constant across sites and over time, an assumption that is probably false. In particular, areas of deep TMRCA may represent mutational hotspots, clusters of false positive SNP calls, or both. Additionally, the assumption of timeconstant evolutionary rates may not hold in regions with many selected sites, and the conversion procedure above should be treated with some skepticism in these regions.
The TMRCAs we estimated are substantially deeper than estimates from the mitochondrion and the non-recombining portion of the Y chromosome (NRY). Estimates of TMRCA for the mitochondrion range from 100-250kya depending on the calibration method employed (Tang et al. 2002 , Endicott & Ho 2008 . Similarly, TMRCA for the NRY is estimated be around 100 -150kya (Tang et al. 2002 , Cruciani et al. 2011 . Both the mitochondrion and the NRY have an effective population size that is one-third that of the X chromosome, but correcting for this difference does not entirely resolve the discrepancy. One hypothesis is again purifying selection, which produces distortions that increase with mutation rate and lack of recombination. Because mitochondria have a relatively high mutation rate and no recombination, purifying selection may have lead to a substantially more recent TMRCA than for the X.
One potentially confounding factor in this analysis is the inclusion of sites under purifying selection in the data used to infer branch lengths. At selected sites, the distribution of mutations on the true genealogy may be non-uniform, potentially leading to inferences of branch lengths that are too short (O'Fallon 2010). By including, for instance, first and second codon positions in exons, estimates in these areas may be biased toward relatively small values. There are several reasons to believe that these effects did not significantly influence this analysis. First, introns were found to have a distribution of TMRCA similar to that of exons (Figure 2 ), a finding which is predicted if genealogical distortions at selected areas lead to distortions in closely linked sites, but not if inference in exons is erroneously biased toward small values. Second, the distortions are apparent even at very large scales (Figure 4) .
Because exons represent a very small fraction of all sites examined (roughly 1%, including third codon positions and other synonymous sites at which selection is not expected), even fairly strong conservation at these sites would not be likely to generate the significant distortions seen when the mean TMRCA is taken over 100KB or 1MB scales. Finally, inclusion of selected sites is not expected to lead to erroneous inference of skewness, one of the primary findings of this analysis.
Together, these results suggest that natural selection may play a significant role in shaping chromosome-wide patterns of genealogical and genetic variation. While recent selective sweeps appear to have influenced local structure in some genomic regions, purifying selection appears to generate detectable and pervasive distortions across large regions of the chromosome. 
